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BRIEF OVERVIEW OF SCIENTIFIC TOPIC AND BRIEF LITERATURE SURVEY
The conceptual motivations for this work are coupled to current research in complex fluids, optics, and many-body statistical physics. The bulk of our research however, centers on the physics of complex fluids, an emerging subfield of condensed matter physics. Complex fluids are soft materials such as colloidal suspensions, emulsions, polymer solutions, membranes, and mixtures thereof, whose structure and dynamics are strongly influenced by entropy and by relatively weak mechanical forces. In this proposal we focus on mixtures of colloidal particles and other soft materials. These materials are intriguing from both fundamental and practical points of view.
Colloidal suspensions exhibit a wide range of structures, both ordered and disordered, with correlations that often extend to the size of the system. Furthermore they exhibit a wide range of dynamics, which can often be tied closely to the structure of the system. Their rich phenomenology derives from a fascinating interplay of physical, chemical and hydrodynamic mechanisms whose realization provides a unique opportunity for the study of statistical mechanics in classical many-body systems. Recent experimental and theoretical progress relevant to the present proposal includes studies of the role of entropy and interparticle interaction in affecting self-assembly 1 and directed assembly in systems of monodisperse hard-spheres, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] particle suspensions with added particles or polymers, monodisperse emulsions with added polymer, 41, 43 binary emulsions, 38 suspensions of rod-like particles in mixtures of spheres, [53] [54] [55] [56] [57] [58] [59] [60] liquid crystal emulsions, [61] [62] [63] and charged-stabilized particle suspensions. [64] [65] [66] [67] [68] [69] [70] [71] Research on these substances is also driven by a variety of practical applications (see for example [72] and references therein) ranging from the prospect of using these materials as templates for photonic materials [73] [74] [75] and lithography, 76, 77 to their uses in ceramics and as biochemical sensors. 78, 79 In a different vein, studies of complex fluids are increasingly stimulated by analogies from cell biology, 80, 81 and in some cases provide critical insights about mechanisms that arise in the crowded, aqueous, and near-roomtemperature cellular environments. In still other systems, particle additives offer practical control of fluid rheologies, thus improving the performances of conventional materials such as paints, motor oils, food and cosmetics.
DEPLETION PHENOMENOLOGY
The entropically driven low-volume fraction systems we will study are reasonably well approximated as a suspended mixture of hard-spheres. Hard-sphere colloids lack attractive and long-range interactions, which typically compete with entropic effects to produce ordered phases. Nonetheless, as Asakura and Oosawa first noted, 82 in mixtures of different size spherical particles an ordered arrangement of large spheres can increase the total entropy of the system by increasing the entropy of the small spheres. This phenomenon is depicted in Figure. 1. Because the center of mass of the small sphere cannot penetrate within a s /2 of the large sphere surface, a region of "excluded volume" surrounds each large sphere (here, a s (a L ) = small-(large-) sphere diameter). When the surfaces of the two large spheres approach within a small-sphere diameter, these excluded volume regions overlap one another, and the total volume accessible to the center of mass of the small spheres increases. The resulting increase in small sphere entropy thus induces the so-called attractive "depletion" force between the large spheres. At low concentrations of small spheres, simple models [82] [83] [84] predict this energy of attraction is proportional to the volume fraction of the small spheres (Φ s ), and to the ratio of large-(a L ) and small-sphere (a s ) diameters. We have directly measured the form of this interaction potential as brought about by added particles, 13 polymers 14, 85 and rods. 86 In Figure 2 the measured large sphere potential of mean force is presented along with theoretical fits using the simple AO model; the AO model works very well at low small sphere concentration.
The attraction energy at contact is ~(3/2)(a L /a s )Φ s k B T, where k B is the Boltzmann constant and T the ambient temperature. This attraction energy can be several k B T in practice. It has been observed to drive phase separation in monodisperse colloids with added polymer ,23,24,40,51,52 in monodisperse emulsions with added polymer, 41, 43 in binary emulsions, 38 and in suspensions of silica and polystyrene spheres. In pure particle suspensions, for example mixtures of large and very small colloidal spheres, most experimental and theoretical evidence indicates that first order fluid-solid phase transitions occur in the bulk suspension. [17] [18] [19] 23, 34, 36, [87] [88] [89] Experiments have determined transition volume fractions in a few samples with differing particle type, size, and size ratio. In Figure 3 , we show a phase diagram along with some data 18 produced by samples composed of ~800 nm-diameter polystyrene spheres and ~70 nm-diameter polystyrene spheres. At small total volume fraction the suspension is a fluid consisting of a mixture of different size hard spheres, but when the small sphere volume fraction is increased sufficiently, the mixture phase separates into a large-ball-poor hard-sphere fluid and a large-ball-rich colloidal crystal. The dotted lines are tie lines. The dashed lines are predictions of a simple theory 18 which treated the fluid phase as a mixture of large and small hard spheres (see Fig. 3-center) , deriving the pressure of the fluid from the Carnahan-Starling equation of state, 90 and treated the solid phase as an FCC crystal of large spheres permeated by a fluid of small hardspheres. The driving force for crystallization is made apparent in Figure 3 -right; when the lattice constant of the FCC crystal decreases, the regions of excluded volume overlap more, and thus create more entropy for the fluid of small spheres. While carrying out these systematic experiments on binary colloidal suspensions, we discovered 19 that the first instability arising in many binary particle mixtures was phase separation into an ordered surface phase and a disordered bulk liquid phase. Disordered and ordered surface phases can also be understood using simple excluded-volume entropy arguments, in this case between the large particle and the wall (depicted in Fig. 1 ). The entropic force on a particle near the wall surface is roughly twice as large as that between two large particles in the bulk! In Figure 4 we illustrate the general systematics of these effects. These samples were composed of ~0.8 µm diameter large-and ~0.07 µm diameter smallpolystyrene-spheres suspended in water. The system was salted at a concentration of ~0.01 M so that the particle interactions were approximately hard-sphere. The water was a mixture of D 2 O and H 2 O in order to create near neutral buoyancy conditions for polystyrene. The large ball volume fraction was fixed at Φ L =0.02, and the small sphere volume fraction was varied. We designed a small glass sample cell (~100 µm thick) so that the large particles in these suspensions could be observed in real time using our optical microscope. To the left of each photograph is a "quasi-phase-diagram" that indicates the volumefraction of the large and small spheres, as well as our estimated liquidus line.
In Figure 4 (top-left, right; bottom-left) the focal plane was chosen just beneath the sample cell wall in order to reveal surface dynamics, and in Figure 4 (bottom-right) we have chosen a slice within the cell in order to reveal the bulk dynamics. We see that the large particle concentration increases on the wall surface with increasing small sphere volume fraction, and that surface crystallization begins in a region of the phase diagram just below the liquidus line (note, the lifetime of the large particles on the wall also increases dramatically (>>10 3 ) between (a) and (b)). The crystalline structure grows rapidly along the wall, and more slowly into the bulk. In Figure 4 (topright) we show an image (rightmost) of the second layer of the surface crystal; notice, the number density of large particles in the background fluid is much less than on the surface. For samples prepared with volume fractions above the liquidus line (Fig. 4 (bottom-right)), a rapid nucleation of large ball clusters is revealed (in less than 10 min). These clusters typically sediment or combine to form a gel (rightmost image of Fig. 4 (bottom-right)). Thus there exist interesting windows of opportunity in these low-volume-fraction entropically driven systems wherein high quality particle assembly is possible, free of bulk complications. We have grown surface crystals as large as 1 mm; the surface crystals grow laterally much more quickly than into the bulk.
In closing out this section we briefly describe some fundamental colloid science that bear directly on entropic effects described above. One important parameter in this problem is the particle diameter ratio α = a L /a s . When α is small (~1 to 1.7) a variety of crystal structures such as AB 13 and AB 2 have been observed 30, 45, 91, 92 and have been predicted theoretically [93] [94] [95] at high volume fraction (~0.5). In this regime the structures are largely determined by packing geometry and are strongly α-dependent. Microgravity experiments on some of these systems are planned under the supervision of Weitz and Pusey. When α exceeds 6, as in most of the experiments performed in our laboratory, the small particles diffuse freely through the interstices of the large particle crystals, and transitions occur at much lower total volume fraction.
Another important parameter is the "softness" of the effective large particle interactions. This becomes an issue, for example, if the small particle is replaced by a polymer. When the polymer depletants are relatively large, the phase diagram for the suspension changes dramatically-gas phases, liquid phases and solid phases are all possible, gas-liquid coexistence occurs in addition to liquid-solid coexistence, and the suspension has a critical point. 51, 84 Finally, there is always an issue of particle polydispersity. This has been investigated recently in the context of monodisperse colloids. [96] [97] [98] In essence the particle polydispersity makes the colloidal crystals more glass-like, so that the free energy differences between crystalline and liquid or glass structures are reduced. Phase transitions are still observed however, with polydispersities as large as 10 percent in the monodisperse systems, but the transitions are shifted to higher volume fractions. All of the issues described in this paragraph (and more) are of current interest and debate in the colloid science community.
CONTROLLED COLLOIDAL EPITAXY USING ENTROPY AND SURFACE TEMPLATES
The entropic excluded volume effects induce attractions between particles and even stronger attractions between particles and walls. Can similar effects be used to position particles on substrates or move them in a predetermined way? The answer is yes. Geometric features on a surface can create entropic force fields that trap, repel, or induce drift of the larger particles in suspension. 15 Large particles, moving in the vicinity of steps, grooves, or corners cut into a flat substrate, modify the small-sphere free volume in a manner dependent on large particle position and on the size and shape of the geometric features (see Fig. 5 for schematic examples). We have identified and quantified these phenomena at step edges, 15 near corners, 99 and in vesicles. 16 Recently, we have extended the entropic schemes further to facilitate growth of three-dimensional structures. 100 The new paradigm is well suited for microgravity. Our method is an equilibrium approach that combines thermodynamics and geometry. Specifically, we have combined entropic depletion attractions and templated surfaces with spatially periodic 1-dimensional (1D) and 2-dimensional (2D) height profiles to create a periodic surface potential, and then to drive the growth of two-and threedimensional particle structures nucleating from these templates. We used the entropic phenomenon to attract and repel colloidal spheres from specific positions on a corrugated template formed by imprinting 101, 102 an optical grating. We have observed 1D, 2D and 3D commensurate structures that form as a function of sphere size and grating periodicity. 100 The 2D surface potential induced both liquid-and solid-like surface structures, and it provided the optimum template for growth of a large, defect-free FCC crystal.
Our basic ideas and some results are shown in Figures 6 and 7 . In Figures 6(a) and (b) we revisit the depletion force mechanism. The main new point is that spheres in contact with the two (four) flat walls of the grating groove (Fig. 6(b) ) experience an attractive force up to four (eight) times the two-sphere value in the bulk suspension, and are thus driven forced to the grating valleys. 15, 99 Thus the ordered template creates a periodic surface potential for the colloidal spheres.
Imprint or stamping techniques provide a simple way to make replicas of surface structures. 101, 102 We have developed a simple imprint technique that employs an optical diffraction grating to create a geometrical template. In Figures 6(c) and (d) we show an Atomic Force Microscope (AFM) image of a replica optical grating in a PMMA film. We first spin coat a ~400 nm thick layer of PMMA on a glass substrate. Pressing a diffraction grating onto the PMMA film above its glass temperature (~120 °C) creates a replica in the film (Fig. 6(c) ). 101 By rotating the substrate 90º and imprinting a second time, we create twodimensional periodic structures, resembling an array of square pyramids (Fig. 6(d) ). The templates form one wall of the sealed sample-chambers, which, in our case were 30 to 100 µm thick and contain a few microliters of sample.
In Figure 7 we show some of our results with the 2D grating template. In this case the colloid samples consisted of 0.7 to 1.2 µm diameter PMMA (polymethylmethacrylate) spheres stabilized by a grafted layer of poly-12-hydroxy stearic acid. 27, 103 In an organic solvent mixture of decalin/cyclohexylbromide, these spheres are nearly density matched with a refractive index mismatch of <0.01. Such small index mismatches reduce light scattering, facilitating optical microscopy deep into the suspension. Depletion attractions were induced by adding polystyrene polymer, with a radius of gyration, R g ~ 15nm (M w = 320,000, M w /M n = 1.04, Polymer Laboratories). We scaled the concentration of polymer used with different sized spheres to keep the free energy reduction at contact, F 0 , fairly constant.
In our experiments we vary the spatial period p of the template and the particle size. A variety of 2D surface structures form within an hour and then evolve slowly thereafter. The results are summarized in Figure 7 as a function of the ratio of the mean interparticle spacing, d (which was usually somewhat larger than the particle diameter), to the grating period.
When d is commensurate with the grating period at the ratios, 0.707 and 1.414, large crystal domains with fewer defects form. When the ratio is unity (i.e., we use a crossed grating commensurate with the FCC (100) plane) an FCC crystal was grown without stacking defects. A confocal microscope image of 20-layers of particles within the interior of a larger (>30-layer) colloidal crystal is shown in Figure 7(d) . Also shown in Figure 8 (along with the raw confocal image) is a reconstruction of the crystal based on particle centroiding.
The combination of depletion attraction and simple templating provides a qualitatively new route for controlled colloidal self-assembly of high quality colloidal crystals. Since the scheme employs an equilibrium process, it will work with any kind of 'nearly-hard-sphere' particle under appropriate suspension conditions. Thus it can be applied to a broader range of particles in microgravity, particles that would not normally assemble thermodynamically due to sedimentation effects. Our grating imprint technique also provides a robust, rapid, and inexpensive templating methodology. In addition to the PMMA system described above, we have had some success assembling multilayer crystals of polystyrene and silica in aqueous suspensions. We have also had some very recent success nucleating and growing more open crystal structures such as BCC "hard-sphere" crystals with the PMMA system; this is optimized using a grating template with slightly different valley separations (compared to FCC).
NEAR-PERFECT COLLOIDAL CRYSTALS
In sections 2 and 3 we described entropic forces and entropically driven phase transitions, and we saw that the phenomena could be used in a very general way to grow high quality colloidal crystals. In this section we provide a very brief discussion about why high quality colloidal crystals are attractive.
Perhaps the most practical reason for the resurgence of interest in colloidal crystallization is that it is difficult to create patterned nano-and microscale materials that are ordered in three-dimensions. Modern lithographic techniques can have nanometer resolution and they often have exquisite versatility, but they are generally limited to defining features at surfaces and interfaces; thus, with few exceptions [104] [105] [106] lithographic fabrication in three-dimensions remains a challenge. Laser holographic writing has recently been demonstrated in three dimensions, 107 but this method also has limitations with respect to host material type and spatial resolution. An alternative route for creation of three-dimensional patterned materials is through selfassembly. Micron and submicron colloidal particles can assemble spontaneously into a wide range of highly ordered phases employing a wide variety of particle species. Such crystals can form spontaneously in thermal equilibrium, 1, 5, 108, 109 or through a variety of nonequilibrium schemes. For example, particle ordering may be facilitated by gravity, 110 convection, [111] [112] [113] [114] [115] [116] electrohydrodynamic forces, [117] [118] [119] chemical forces, 120, 121 or injection. 122, 123 The ordered arrays of particles have numerous potentially useful attributes.
When sufficiently ordered they often have novel optical properties. 73, 75, [124] [125] [126] [127] For example, they can be used to alter the local photon density of states or to redirect light beams via diffraction. Such optical property control can lead to new classes of optical filters, switches and masks, [128] [129] [130] [131] [132] [133] [134] or to host materials, which act as directional reflectors for embedded waveguides or light sources. [135] [136] [137] [138] [139] [140] [141] In a related vein the ordered structures may eventually be employed as ultralow emissivity materials, or as novel linear and nonlinear optical based sensors. 1, 72, 104, [142] [143] [144] [145] [146] [147] [148] [149] [150] [151] [152] [153] [154] [155] Particle arrays can also be used indirectly, as templates to create novel macroporous materials. Besides the use of the resulting inverse structures in photonics, 77, [156] [157] [158] [159] [160] [161] [162] [163] [164] precision macroporous materials have a wide range of potential chemical applications. For example, macroporous polymers have been used as catalytic surfaces and supports, 165, 166 separation and adsorbent media, [167] [168] [169] biomaterials, [170] [171] [172] [173] and chromatographic materials. [174] [175] [176] Similarly macroporous ceramics can be employed as lightweight thermal and electrical insulators, as well as for catalysis. [177] [178] [179] [180] Colloidal crystals are also of fundamental interest. The statistical mechanics of these complex fluids is a hot topic [see for example "Interactions, structure and phase behaviour of colloidal dispensers," London, 25 Besides basic statistical physics, these materials offer the possibility to study fundamental issues about other fields. For example, in quantum optics (or photonics) there have been relatively few experiments testing predictions about the optical properties of direct structures in the case of large dielectric mismatch; such studies are complementary to work done so far on inverse structures. Since we can characterize individual particles relatively easily, measurements in the direct systems may be understood more easily than their inverse counterparts-particularly if defects turn out to have substantive influence. The particle systems also offer a more natural system for controlled introduction of defects and/or unusual background fluids (e.g., liquid crystals, fluorophores, etc.). Other sets of fundamental investigations explore the manifestations of lattice periodicity on transport. For example, how does a polymer (or large macromolecule, cell organelle, cell, etc.) diffuse through an ordered network, what is the role of particle interactions with the diffusing species in these networks, and can these networks be useful as sensitive molecule separators? Or, in a different vein, how would a three-dimensionally ordered array of superconducting material affect the magnetic flux lattices that thread through it or the motion of charge?
Despite many years of practice and innovation, colloidal crystals grown on earth usually have defects. This is due in part to nonideal particle interactions (which leads to a less than perfect knowledge about the phase-diagrams), but more importantly to poorly controlled kinetic processes (which are affected by hydrodynamics, sedimentation, interaction, particle histories, etc.). In special cases, such as the equilibrium assembly of hard-sphere PMMA particles in organic solvent mixtures, good control is achieved, but few other particles can be made to work so perfectly. Similarly, templating on earth has been used with some success to nucleate well-ordered crystals of specific particle types. Nevertheless it is more common that defects arise in practice, including point defects, dislocations, stacking defects, twinning planes; polycrystalline samples are common and many practical limitations arise that are unique to different processing schemes 76, 77, 112, 115, -especially when the samples are dried or during solvent exchange, e.g., microcracking, limiting crystal thickness, and local lattice distortions. The detrimental affects of such defects on three-dimensionally ordered colloidal devices are poorly understood. Nevertheless they are expected to be significant. For example, in principle the photonic properties of a colloidal crystal are substantially changed by stacking defects, though their detailed affects are poorly understood. In a similar vein, crystalline disorder within a periodic array of superconducting particles directly affects the Hamiltonian that governs the superconducting wavefunction. While the affects of disorder can be interesting, they must be handled in a statistical way and they will clearly change the physics of the vortices that thread through these materials.
Microgravity offers a qualitatively new environment to improve our control over the equilibrium colloidal assembly process, and thus develop methods to make crystals with fewer defects. In particular, the assembly of colloidal particles in microgravity, using surface templates, pioneers a novel path towards the epitaxial growth of three-dimensional colloidal lattices of unusual particle systems in unusual arrangements.
MEASUREMENTS OF PHOTONIC BANDSTRUCTURE
Photonic crystals are three-dimensional periodic dielectric structures. In essence all of our crystals will have this property to varying degrees. To be "photonic" the refractive index mismatch between the particles and the background medium need only vary on length scales of order the light wavelength. 208, 209 Measurements of photonic bandstructure provide a useful way to characterize the crystals we make, particularly since microscopy may become limited as the dielectric contrast between particle and background increases. The propagation of light in these materials is similar to the propagation of electrons in conventional crystalline solids. The periodic structure (i.e., the periodic optical potential) gives rise to stop bands at certain frequencies and in certain directions. Under the optimum conditions (e.g., the correct real space structure, and large index mismatches) it is possible that a bandgap for photons can form. In this case, light of certain frequencies cannot freely propagate within the crystal in any spatial direction. There have been many uses proposed for these materials, [210] [211] [212] and substantial photonic bandgap effects have been observed at selected wavelengths (e.g. in the microwave 213 and far infrared 160, [214] [215] [216] region of the spectrum), in 2-dimensions, [217] [218] [219] [220] [221] and in two-dimensional structures that use conventional index guiding in the third dimension. [222] [223] [224] [225] [226] [227] [228] [229] [230] [231] [232] [233] [234] [235] [236] There have been a few heroic schemes proposed to make these structures at lower wavelengths, which have also led to some degree of success/demonstration (e.g., 106, 237, 238 ). Nevertheless it is safe to say no general method has yet emerged as a robust solution for the creation of three-dimensional materials with full bandgaps in the visible and NIR part of the electromagnetic spectrum. Furthermore, and perhaps more important for this proposal, there is an enormous amount of science that remains to be done on these materials (with or without full bandgaps). An experimental understanding of the affects of crystal defects on photonic bandstructure is lacking. In fact, detailed measurements of photonic bandstructure have only been reported in relatively few cases, and most of these cases are restricted to direct structures with relatively weak particle scattering and some disorder, 151, [239] [240] [241] [242] [243] [244] [245] or to the inverted structures made, for example, by filling the voids in artificial opal with high index material, and then removing the opal, 74, 75, 125, 156, 246 or other variants of this scheme. 126, 240, 247, 248 To date the inverted materials have demonstrated the most "photonic" behavior (though not a full gap). Thus measurements in many systems (e.g., direct structures with high index particles) are still desirable in order to test our basic understanding of photonics, and open up new ideas for the future.
Several approaches have been used to study photonic bandstructure. 136, 139, [240] [241] [242] [248] [249] [250] With few exceptions, 251 the measurements have been complicated by the fact that the samples were not usually single crystals. These methods range from studies of the spectrum of embedded fluorescent molecules, to studies of transmission versus wavelength at fixed angle, to angle-dependent studies of reflection or transmission versus wavelength. The most powerful studies are the angle-dependent experiments because they allow the experimenter to map out different points in the Brillouin zone. Ultimately this latter technique requires close collaboration with theory, and it also provides a very good test of theoretical models. We will use the angleand wavelength-dependent reflection measurement in our space experiments.
KEY ISSUES WHERE KNOWLEDGE IS STILL LACKING
The microgravity environment enables us to ask and answer new questions about colloidal assembly and photonics, and enables us to synthesize novel colloidal materials that cannot be made on earth. The experiments we propose are not precision experiments: we will not measure scaling exponents in a gravity free environment. Instead, our experiments push the boundaries of known self-assembly processes in complex fluids, produce new photonic structures and provide a novel test bed for detailed exploration of some critical questions in photonics. In the process we also lay the groundwork for future colloid engineering in space; major capabilities we address include colloid growth, microscopic and photonic colloid characterization, colloid fixation, and colloid survivability upon return to the earth. The deliverables are three-dimensional micron-scale patterned materials to be investigated directly in space, and further explored on earth.
Colloid Science
Most of the novel particle systems we aim to assemble are less monodisperse, and less like hardspheres than the PMMA samples we study on earth. Current understanding of the crystallization process in these more complex systems with other significant particle interactions (e.g., screened Coulomb, van der Waals, dipolar, steric, nonsphericity, etc.) derives almost exclusively from what we know about the hard-sphere systems, and is thus incomplete. Clean observations of phase transitions in these more complex systems are needed for insight about the interplay of particle interactions, polydispersity and sedimentation that are normally masked in experiments on earth. Clean observations, for example, about how the liquidous lines are perturbed by particle non-ideality will reveal trends that are broadly useful in complex fluids-trends that should improve design criteria for control of soft materials ranging from protein crystallization to paints.
Our use of templates for "equilibrium" colloidal epitaxy opens up large questions about nucleation and metastability. There are relatively few careful studies of colloidal epitaxy. In microgravity if should be possible to grow open and exotic structures by exploiting epitaxy. Traditional questions about the relative stability of BCC and FCC phases, and the passing from one phase to the other, can be studied in the simplest of systems with exquisite resolution, without the perturbing effects of sedimentation. Both order and disorder can be induced by the surface templates, so that new questions about glass formation can be studied. The nature of nucleation and the configurations of the solid-liquid interface are poorly understood, and the current experiments provide a window into these processes as well.
Photonics
An enormous amount of science remains to be done with micropatterned photonic materials (with or without full bandgaps). Despite steady progress, there are still relatively few detailed measurements of photonic bandstructure. Most of this work has focused on inverse structures. Considerably less experimental work has been carried out on the direct structures wherein the particles themselves are the 'indexmismatching' material, and most of these investigations have employed low-contrast or disordered/imperfect media. We are targeting high-contrast direct structures for our microgravity studies, because their synthesis is much more difficult to accomplish on earth. The direct structure requires much fewer steps to create compared to the inverse structure, and is thus easier to control and characterize. The direct structures provide a critical testing ground for important fundamental questions such as the role of disorder, polycrystallinity, polydispersity, dopants, etc., in affecting photonic bandstructure over a broad range of systems. These measurements will be carried out in-situ, and postmission. Since the particles are generally well characterized, and since we will have some microscopic information about the particle positions, comparison between theory and experiment in the direct structures probably will have fewer uncontrolled parameters than the inverse structures.
Some useful investigations made possible by the entropic assembly processes range from photonic bandstructure measurements of both open and closed crystal structures of the same particles, to measurements of the affects of particle doping. In microgravity, for example, it will be readily possible to mix together different particles that normally segregate in the earth's gravitational field; these more complex mixtures can still be assembled into single crystals. Photonic measurements of these systems as a function of particle doping concentration and as a function of differing particle contrasts will provide useful insight about the modification and destruction of photonic bandstructures. For example, using two particles with the same size but different optical contrast, we can study the transition from a photonic crystal to a more "glassy" photonic material, which have particles at the same spatial positions, but have different overall optical heterogeneity. Detailed microscopic observations of the crystals will facilitate a correlation of structural defects with photonic bandstructure. All of these experiments provide new tests of theory.
In total this project is different from many space experiments because we are not measuring a single phenomenon with enormous precision, and because we anticipate a range of open-ended post-mission studies on earth to further explore novel colloidal crystalline materials that are synthesized in microgravity and returned to earth.
ANTICIPATED KNOWLEDGE TO BE GAINED, VALUE, AND APPLICATION
This section collates the ideas presented more extensively in earlier sections.
The prospect for creating novel colloidal materials is a primary motivation for the fundamental studies we propose. The experiments pioneer colloid engineering in space. We will derive a definitive set of data about a broad range of particle types and 3D structures that can be readily synthesized entropically without complications of gravity. Entropic crystallization processes are attractive because they do not require extensive amounts of particle-specific solution chemistry. Furthermore our experiments focus on microgravity synthesis in simple solvents (e.g., water), rather than in highly specialized solvents that reduce effects of gravity on earth. We will pioneer fixation of colloidal structures in space, and will determine the survivability of these materials in re-entry. These latter studies are very important, because typically a much broader set of experiments can be performed on the resultant structures once they have been returned to earth.
The experiments push the boundaries of known self-assembly and thermodynamics processes in complex fluids. Clean observations of phase transitions (liquid-solid, liquid-liquid?) in more complex systems consisting of particles whose direct interactions are beyond hard-sphere, provide much needed insight about the interplay of particle interactions, polydispersity and sedimentation in affecting phase behavior. These effects are normally masked in experiments on earth. Clean observations, for example, about how the liquidous lines are perturbed by particle non-ideality reveal trends that are broadly useful in suspension science-trends that should improve design criteria for control of soft materials ranging from protein crystallization to paints. Careful studies of colloidal epitaxy with templates in microgravity will break new ground about the possibilities for growth of closedpacked, open and exotic colloidal structures. Traditional questions about the relative stability of BCC and FCC phases, and the passing from one phase to the other, can be studied in the simplest of systems with exquisite resolution without the perturbing effects of sedimentation. Disorder can also be induced by the surface templates, so that new questions about glass formation can be studied in microgravity. The nature of nucleation and the configurations of the solid-liquid (and solid-solid) interface are poorly understood, and the current experiments provide new windows into these processes.
The experiments will provide new quantitative and qualitative tests of photonics theory. The photonic bandstructures of a wide variety of highly ordered direct particle structures will be determined for the first time. These materials will provide experimental tests of the role of overall crystal structure. More importantly, the experiments will enable us to answer fundamental questions such as the role of disorder, polycrystallinity, polydispersity, dopants, etc., in affecting photonic bandstructure over a broad range of systems. The experiments are particularly well suited for studies of particle doping. These studies will also contribute to the establishment of the photonic bandstructure measurement technique as a new method to characterize any highly scattering, ordered dielectric structure.
The products may be of technological importance in the form of novel microelectronic masks, optical filters, switches, photonic bandgap materials for ultralow-noise light-sources, and strong ceramics. The products may also be of basic scientific interest, for example: (1) The structured photon density of states of photonic bandgap crystals provides interesting cavities for studies in quantum optics, and arrays of quantum dots should have novel energy, charge, and exciton transport properties. (2) Ordered three-dimensional arrays of superconductors will provide a unique pinning environment for vortices in magnetic fields enabling fundamental studies of vortex lattices and motions. (3) Entropically driven assembly of metallic, reactive, or magnetic particles in microgravity suspension environments will define new routes for the synthesis of novel materials.
